WF-MAXI is a soft X-ray transient monitor proposed for the ISS/JEM. Unlike MAXI, it will always cover a large field of view (20 % of the entire sky) to detect short transients more efficiently. In addition to the various transient sources seen by MAXI, we hope to localize X-ray counterparts of gravitational wave events, expected to be directly detected by Advanced-LIGO, Virgo and KAGRA in late 2010's. The main instrument, the Soft X-ray Large Solid Angle Cameras (SLC) is sensitive in the 0.7-12 keV band with a localization accuracy of ∼ 0.1 • . The Hard X-ray Monitor (HXM) covers the same sky field in the 20 keV-1 MeV band.
SCIENTIFIC GOALS
Wide-Field MAXI (WF-MAXI) has been proposed to succeed MAXI (Monitor of All-Sky X-ray Image) 1 on the ISS, and the Swift Observatory 2 for their mission to promptly alert the astrophysical transients to the international astronomical community. It is also designed to be the first X-ray transient monitor in the soft X-ray band (< 2 keV) with sufficient localization capability over most of the sky with a cadence of 90 minutes. It has five main scientific goals: 1. To find and localize the X-ray counterparts of gravitational wave events, which are expected to be detected by the next generation gravitational wave detectors such as Advance LIGO, Virgo and KAGRA in late 2010's.
2.
To detect the onset of activities from black hole binaries, neutron star binaries, and active galactic nuclei (AGN), and issue alerts to the astronomical community of the world.
3. To trigger on short high-energy transients such as gamma-ray bursts and tidal disruption events, and promptly disseminate their locations to the community. 4 . To detect short soft X-ray transients such as stellar flares, nova ignitions, and supernova shock breakouts, and promptly notify the world. 5 . To perfom the spectroscopic imaging observation of the large-scale galactic diffuse soft X-ray emission.
The first goal is particularly important and timely. The next generation gravitational wave detectors, Advanced LIGO and Virgo, and KAGRA are now under construction, and the first direct detection of gravitational wave is likely to occur in a foreseeable near future. When their goal sensitivity is achieved, about ten gravitational wave events are expected per year resulting from merger of binary neutron stars. If the gravitational wave is detected, AND the distance to its source is independently determined, it will enable important researches in fundamental physics and astrophysics: (1) verification of the general relativity theory on the propagation of gravitational waves, (2) equation of state of neutron stars based on measurements of their sizes and masses, (3) formation mechanism of stellar black holes, (4) synthesis of r-process elements from the debris of neutron stars, and (5) production mechanism of short duration gamma-ray bursts. However, the localization by the gravitational waves alone are so poor that detection of electromagnetic counterparts are sorely needed in order to associate the sources with the known astronomical objects, and/or measure their distances, and identify their origins. Soft X-ray band is one of the promising channel considering the huge energy density at the source, and yet all-sky monitoring with sufficient sensitivity and cadence has never been performed. WF-MAXI will monitor a large area (20% of the entire sky at any moment) with a high duty cycle (more than 50% of the total real time) to capture rare short X-ray transients. It will localize Xray transients with positional accuracy of 0.1 • , enabling follow-up observation with X-ray or optical telescopes, leading to measurements of their distance and studies on their environments and progenitors. If, luckily, a core-collapse supernova (cc-SN) occurs in the Milky Way galaxy, our X-ray observation would contribute to understanding the anisotropic explosion mechanism of cc-SNe by help of observed neutrinos, in addition to gravitational wave.
PLATFORM: JEM KIBO ON THE ISS
We propose a mission using the Exposed Facility (EF) of the Japanese Experiment Module (JEM) "Kibo" of the International Space Station as its platform.
The first scientific goal, detection of X-ray counterpart of the first directly detected gravitational wave event, requires that our mission should be operational when the GW telescopes approach to their design sensitivities (likely in late 2010's). The mission attached to the EF of the ISS "Kibo" is ideal for such rapid deployment because the platform is already there. Utilizing the infrastructure with power, telemetry, active thermal control, and attitude control, the mission can be developed faster at lower cost than a stand-alone satellite. Our experience with MAXI will also help develop another mission on the same platform. For the X-ray detectors, we plan to use X-ray CCDs and scintillation detectors, both of which can be developed in Japan with mature technology.
Another advantage of the ISS is that it has communication link to the ground for 80% of time, during which detection of a new transient can be recognized in real time on the ground. Either when the X-ray counterpart of a GW event is discovered, or a gamma-ray burst is detected, an alert with the coordinates of the source must be promptly issued to facilitate rapid follow-up observations. With MAXI we demonstrated that an alert can be sent to the internet within several seconds of the in-orbit detection of a transient. 3 Unlike stand-alone satellites, an ISS mission does not need special equipments and arrangements for real-time communication to the ground such as data relay satellites or the network of secondary ground stations 4 used for HETE-2.
The ISS also allows the mission to be always pointed away from the earth without any attitude control system. A "Kibo" EF mission, if configured properly, can access to more than 25% of the sky (π steradian), except for short obscurations by the moving solar paddles.
INSTRUMENTATION

Overview
We plan to have two mission instruments on Wide-Field MAXI: Soft X-ray Large Solid Angle Camera (SLC) and Hard X-ray Monitor (HXM) that share the common field of view amounting to 20% of the sky. SLC is sensitive in the energy range of 0.7-10 keV, and capable of localizing soft X-ray transients with 0.1 • accuracy. HXM covers the energy range of 20 keV-1 MeV, and measure the energy spectrum and light curve in the energy band. The configuration of the WF-MAXI payload is shown in Fig. 1 . Four SLC camera modules, pointed to different directions with small overlaps in their fields of view, together covers 20% of the sky. Four modules of HXM are also configured to cover the same sky area as SLC, enabling observations in wide energy range. These science instruments are mounted on the payload bus, which has mechanical interfaces to the transfer vehicle, the robotic arms, and the JEM "Kibo" EF (exposed facility) palette.
Soft X-ray Large Solid Angle Camera (SLC)
The primary scientific instrument of WF-MAXI is the SLC. 5 It detects and localize various soft X-ray (< 10 keV) short transients including possible GW counterparts, gamma-ray bursts/X-ray flashes, supernova shock breakouts, tidal disruption events, nova ignition, X-ray bursts, AGN flares, and stellar flares. In this energy band there are numerous characteristic X-ray lines (e.g. Ne, Mg, Si, S, Fe), that can be resolved by the energy resolution of CCD. We note that there has been no mission to employ the energy resolution of CCD for all-sky 60 -40 - monitoring except for MAXI/SSC, 6 which has limited instantaneous field of view (∼ 1%) and observing efficiency (∼ 30%) 7 .
We adopt coded mask for localization, as it can achieve large solid angle with little technical difficulty. The position sensitive detector on the imaging plane, we use CCD. Since the imaging field of a camera fixed to the ISS platform moves in the sky at an angular speed of ∼ 0.1 • /s, we need to read out the image on a timescale significantly shorter than a second to achieve ∼ 0.1 • position resolution. We therefore use CCD imaging only in one dimensional for fast read-out with a time resolution of 0.1 second, similar to MAXI/SSC. In MAXI/SSC, which also used CCD in "parallel-sum mode" as one-dimensional position sensitive detector, the other coordinate is encoded in the scan timing, and therefore, it is intrinsically impossible to localize sources that varies on time scales shorter than the scan transit duration. In WF-MAXI, we use two cameras (combination of coded mask and CCD in X and Y coordinates) and packages them in a single module as shown in Fig. 3 .
Each SLC camera module contains two arrays of CCD chips placed perpendicular to each other in X and Y directions, a pair of coded masks, a part of the electronics that drives and reads out CCD chips, a mechanical cooler and the chassis. The size of the camera module is 380mm × 255mm × 218mm excluding the mechanical cooler.
The accommodation of such cameras in a "Kibo" EF payload is shown in Fig. 1 . This configuration is designed based on the following considerations:
• Primary preference of the attaching port of "Kibo" EF is #11 where WF-MAXI is set in a orientation perpendicular to the palette, but port #1 (currently used by MAXI) in a horizontal orientation is also acceptable. • To cover the largest possible field of view with four modules.
• To avoid the structure on the ISS to obstruct the field of view, except for the solar paddles that cause only temporary interferences.
• Mechanically feasible and compatible with the assembly steps.
• To fit within the allowed envelope of an EF payload including cabling and piping.
With this configuration, 20% of the sky is covered by the SLC with a minimum effective area of 40 cm 2 , and 25% of the sky with 20 cm 2 , as shown In Fig. 2 .
We use Hamamatsu CCD with a effective area significantly larger than that used in MAXI/SSC. It is very similar to the model developed for ASTRO-H/SXI 8 and with some changes in pixel format and packaging (pin grid array instead of wire bonding), and addition of fiducial mark used for alignment with the coded mask. The surface of the chip is coated with 150-200 nm aluminum to block the optical light from the source and scattered lights from bright objects, as was done for the MAXI/SSC chip. The sides are coated with black to prevent the infrared leaking into the silicon chip. In addition, we place a thin aluminum-coated polyimide filter at the camera window (attached to the coded mask) to block the incoming heat and reflect the sun light and He II ultraviolet emission from the upper atmosphere. The resulting quantum efficiency of the CCD chip is shown in Fig. 6 .
For the best performance of CCD, the chips are cooled to −100 • C using mechanical coolers developed for ASTRO-H. We cannot use the same cooling system of MAXI/SSC (Peltier thermoelectric cooler coupled via a loop heat pipe to passive radiator panel) because the total size and therefore the heat load of the SLC CCDs are simply too large. The SHI single-stage Stirling cooler is attached to each SLC module, and cools the base plate on which sixteen CCD chips (two arrays of eight CCDs) are mounted. The hot side of the mechanical cooler is interfaced to the active thermal control system (ATCS), which carries the heat from the cooler and the electronics out of the payload by circulating liquid.
Cooling sixty-four CCD chips to −100 • C on a ISS payload is a challenge. As we have no control over the attitude, the payload will be lit by the sun light every orbit (∼90 minutes). There is no place for radiators permanently facing the deep space. We studied the feasibility by building a mathematical thermal model of the SLC module. We find that the dominant heat path to the CCD is the conductance through flexible cables to the CCD packages, conductance from the support legs of the base plate, and the radiation from the flexible cables, while the radiation from the inner wall and the entrance window of the camera can be made negligibly small by aluminum coating with emissivity of 0.05. Also, the heat production on the CCD itself is small. We find the temperature of the CCD (−100 • C) is achievable, but the mechanical coolers for the four SLC modules consume a significant amount of power (> 300 W). Further design study of the CCD flexible cables (e.g. use of thinner conductive wires), or relaxation of the required temperature by improving the CCD dark current, are underway.
The coded mask used for localization is made of 50µm thick tungsten that stops X rays with energies below 20 keV. The mask element size is 200 µm. The total opening fraction is about 1/3, determined based on simulations. One of the largest challenges in the design of SLC is the roll angle alignment of the coded mask with respect to the CCD chips, which should be better than 3 × 10 −4 radian. First, the CCD chips in a single array (X or Y) in a module must be aligned to each other. We plan to inspect the roll angle misalignment of the CCD chips with respect to the packages by visually inspecting the fiducial marks on the CCD chips with infrared microscopes, and chooses the packages with similar rotations to form an array on the base plate. The roll alignment between the CCD array and the coded mask is then controlled using the built-in adjusting mechanism.
Hard X-ray Monitor (HXM)
As the secondary scientific instrument of WF-MAXI, HXM 9 measures the energy spectra and light curves of short transient events in the 20 keV -1 MeV energy range. It also provide the trigger for gamma-ray bursts, thus facilitates the localization by the SLC.
The energy range of the HXM overlaps with that of traditional gamma-ray burst detectors, so that the comparison of characteristics of short transient detected by WF-MAXI with the known classes of transients should be easy. In particular, "E peak ", the photon energy of the SED peak is an important observable quantity used for characterizing gamma-ray bursts. The energy coverage of HXM is suited to determine E peak around its typical value of 100-200 keV. Combined with SLC, even the E peak of soft class of events called "X-ray flashes" can be determined in the range down to a few keV.
The sensor element of HXM consists of crystal scintillator coupled with avalanche photodiode (APD) . The current choice for the scintillator material is Ce:GAGG, replacing CsI(Tl) in the original baseline plan. The scintillation light of Ce:GAGG peaks at a wavelength of 520 nm, in excellent matching with the sensitivity of the silicon photon detector. The low-energy threshold of 15 keV is achieved by operating it at −20 • C Figure 7 . CsI(Tl) scintillator (10 mm×10 mm×50 mm) and a Hamamatsu S8664-55 APD (5 mm × 5 mm) to be used in HXM, and a 10 mm × 10 mm APD Figure 8 . An HXM unit containing a 12×2 array of crystal scintillators with APDs at their ends. The field of view is defined by the tungsten walls to be 90 • × 90 • .
using thermoelectric cooler. A HXM module contains an array of crystal scintillators, each with a size of 10 mm × 10 mm × 50 mm as shown in Fig. 7 With the 10 mm thickness, quantum efficiency larger than 20% is obtained for 1 MeV gamma-ray photon. We use 3M ESR and PTFE for the reflector. A Hamamatsu APD (S8664-55) is attached to the 10 mm × 10 mm cross section of the scintillator. This APD is low-noise and flightproven to be rad-hard and on a CubeSat (CUTE-1.7+APD II), 10 working in a polar orbit for five years as a radiation detector. It is also used in TSUBAME 11 and ASTRO-H, 12, 13 and the technical details for screening and acceptance tests has been established. The temperature dependence of the APD gain is compensated by adjusting the bias voltages.
For the multichannel readout of the scintillator/APD array, we have developed a 32 ch analog ASIC in collaboration with JAXA. It is customized to read out reverse-type APD with large capacity. Details of this ASIC is given in ref. 9 .
The HXM module is mildly collimated with tungsten walls to have a 90 • × 90 • field of view similar to that of a SLC module (see Fig. 8 ).
Bus and support sensors
On the bus there are Data Processor (DP) , Power Distribution Unit (PDU), attitude determination, and active heat control system (ATCS). DP handles the commanding and telemetry and interfaces with the JEM with two communication channels: MIL-STD-1553B bus and 100Base-TX ethernet. Most of the science data will be downlinked through ethernet. High level data processing, such as triggering on a new transient and it localization, and issuing alerts are implemented as part of the ground processing, as is the case of MAXI. Optionally, we would like to have these high level processing done in the orbit with a small computer placed in the pressured area of JEM to maintain alert capability even during the communication cutoff between the ground and the ISS (∼20% of time in a day).
As support sensor, ACS (advanced stellar compass) combined with the gyroscopes the attitude of the WF-MAXI payload can be determined to better than one arc minute. Since our science instruments determine the source location with respect to the instrument coordinates, the knowledge of the payload attitude is essential in localizing newly discovered X-ray transients The GPS receiver will be used to keep good timing measurements, which is essential in understanding the explosive multiwavelength/multi-messenger phenomena including GW events and other cataclysmic events like gamma-ray bursts and supernovae.
MISSION OPERATION AND SCIENCE ACTIVITIES
There operation of WF-MAXI is passive and autonomous. There is no need for special science operations once the instruments are checked out, and nominal operation parameters are determined based on in-flight calibrations. The commanding and telemetry check is performed at JAXA's Tsukuba Space Center (TKSC), following the model of MAXI.
The mission data from WF-MAXI is downlinked in real time while the link is established between the ground and the ISS (80% of total time). When the link to the ground is off-line, the data are temporary stored in Japan's NeST (Network Storage in JEM), or NASA's ICU (Integrated Communication Unit Storage), and transmitted to the ground when the link is re-established at least once every orbit (∼90 minutes). The WF-MAXI data are sent to the NASA/MSFC using NASA link and then transferred to JAXA via the submarine cable.
The data from WF-MAXI are sorted and stored in the database at JAXA/TKSC, and then fed to the ground alert system. We have developed the Nova Alert system for MAXI that monitors the incoming data continuously, and checks for increase of X-ray flux at any part of the sky on eight time scales from a second to several days. The alert system for WF-MAXI will be built based on this existing MAXI alert system with modifications to accommodate the difference in detectors (CCD vs. gas proportional counter in MAXI) and localization method (coded mask vs. slit camera). Another addition is the triggering on HXM, and localization of possible transient source in SLC data using triggers from HXM, and other external trigger from outside, such as gravitational wave alert.
We also propose to set up the alert system in the ISS using a PC housed in the pressured area of JEM. The WF-MAXI data are duplicated on the fly, and the copy is streamed to the PC running a modified version of the nova alert system. With this, a transient can trigger an alert even during the ground link outage. For prompt dissemination, the alert should be sent to the ground using auxiliary link similar to HETE VHF secondary ground station network, 4 or broadcasting in the amateur radio band.
The WF-MAXI data contains the record of all the X-ray sources in the sky for an extended period. In addition to the transient alerts, these data can be later used to study the long-term behavior of various X-ray sources, if the data is archived properly. We design the ground data processing system of WF-MAXI with archiving in mind from the beginning. All the data are processed with the calibration/formatting pipeline, and sent to JAXA/ISAS's Center for Science-satellite Operation and Data Archive (C-SODA), and made available to the community in the standard astronomical format.
CONCLUSION
WF-MAXI is an X-ray transient monitor mission proposed as a payload on the ISS. Its primary science goal is to detect and localize transient X-ray sources, and issue prompt alerts on them to the astrophysical community of the world. The X-ray counterpart of the first directly detected gravitational event is the prime target of this mission. It is also the first dedicated transient monitor mission that covers a significant fraction (∼ 20%) of the entire sky in the soft X-ray band with a energy resolution of CCD, opening a new discovery space. The prime targets include search and localization of X-ray counterparts of astrophysical gravitational wave events, detection of outbursts of Galactic and extragalactic X-ray sources, detection and localization of gamma-ray bursts and various kinds of soft X-ray transients, and measure their X-ray energy spectra with a moderate energy resolution of Si CCD. We have conducted design studies of the instruments (SLC-Soft X-ray Large Solid Angle Camera, and HXM-Hard X-ray Monitor) and the payload bus, and verified the feasibility of the mission. We propose this mission to JAXA to be developed and deployed in time for the start of operation of next generation gravitational wave telescope.
